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Figure 17, Eber's equation should be: -
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RESEARCHE MEMORANDUM

HEAT-TRANSFER AND BOUNDARY-LAYER TRANSITION ON
A HEATED 20° CONE AT A MACH NUMBER OF 1.53

By Richard Scherrer, William R, Wimbrow, and
Forrest E. Gowen

SUMMARY

Heat—transfer data from supersonic wlnd—tunnel tests of a heated
20° cone have been compared with theoretical results obtained by two
methods for determining the convective heat transfer in laminar
boundary layers 1n a compressible fluld. The cone was heated elec—
trically and was tested at a Mach mumber of 1.53. ILocal rate of heat
transfer and surface~temperature measurements were made over a range
of Reynolds numbers and nominal surface temperatures with both laminar
and turbulent boundary layers.

The theoreticael and experimental results in the case of the
laminar boundary layer were found to be In good agreement in terms
of the heat—transfer coefficients in the reglon on the test body
where the theory was considered applicable., Good agreement in terms
of rate of heat transfer was obtalned by the use of the theoretical
heat-transfer coefficlients and the true temperature potentlal,
The effect of heat transfer on boundary-layer stabllity wae indlicated
by surface-temperature measurements for a uniform power Iinput distri-
bution, the sudden decreese in surface temperature at the heginning
of the turbulent boundary-layer reglon being Indicative of the
trensltion. The results provided a qualitative verificatlion of the
effect of heat transfer on laminar boundary-layer stebillty that
had begg §redicted theoretically by lees. (NACA Technical Note
No. 1360,

The general heat—transfer equations developed in NACA TN
No. 1300 are shown to reduce, for cones, to simple relatlonships,
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and these are presented in the form of design charts by which the
local rate of heat transfer may be determined on cones with
attached bow waves, .

INTRODUCTION

Because of serodynamic heating, the practical operation of
alrcraft at high speeds is dependent on the provision of adequate
insulstion and cooling systems for the alrcraft structure, equipment,
pay load, and occupants. The design of such systems, In turn, i
dependent on the existence of sdequate heat—transfer data and on
the development of theories by which the data may be correlated and
ite application extended.

The most extensive experimental investigation to date in the
field of heat transfer at high velocitles was conducted in Germany
by Eber. (See reference 1.) This work provides the basis for most
heat—transfer calculations for proposed supersonic alrcraft. How—
ever, the air flow In the test section of the supersonic wind tunnel
at Kochel, in which Eber performed his experiments, was such that
there has been soms question as tao the extent of the lamlinar boundary
layer on the test bodles. (See fig. 5 of referemce 1.) Since there
are large differences In the rates of heat transfer through laminar
and turbulent boundary layers, additional experiments have been
needed to clarify Eber's results.

Another aspect of the heat—transfer problem, both at subsonlo
and supersonlic speeds, is the effect of heat transfer on the atabill-
ity of a laminar boundary layer, The theoretlical work of Lees
(reference 2) indicates that the effect of surface heating is
destabillizing to a laminar boundary layer amnd also indlcates that
the effect of surface cooling is stabilizing, The results presented
in reference 3 for a very low Mach number are in agreement wlth
the resulte of reference 2; however, no experimental data are
available to indicate the effect of heat transfer on boundary-layer
stablllty at supersonlc speeds.

The purpose of the Investigatlion presented in this report was to
obtain heat—transfer data on a body of revolution with first, a laminar
boundary layer and, then, a turbulent boundery layer, and to compare

CORFIDENTTAL



~¢

NACA RM No. A8L28 CONFIDENTTAL : 3

these data with the theoretical results calculated by the methods
of references 4 and 5 and with the results obtained by Eber. The.
qualitative effect of heat tremnsfer on the stebility of the laminar
boundary was also to be determined.

SYMBOLS

The following symbole have been used in the presentation of the
theoretical and experimental data:

A aree, square feet

a speed of sound, feet per second

cp specific heat at constent pressure, Btu per pound, p
¢y specific heat at constant volume, Btu per pound, °F

Q

arbitrary constant

gravitational constent, 32.2 feet per second squared

total pressure, pounds per squere foot, absolute

locel heat—transfer coefficient, Btu per hour, square foot, p
averege heat-transfer coefficient, Btu per hour, square foot, °F
thermal conductivity, Btu per hour, square foot, Cp per foot
body length, feet

Mach number, dimensionless

H B = K BT P H ®

Mech number parameter (7—';5 My-), dimensionless

Nu average Nusselt number ( ];E), dimensionless
8
Nu local Nusselt number (i—:-), dimensionless
Nug boundary-layer Nusselt number ( %:—), dimensionless
b
Pr  Prandtl number ( —= X 3600g ), dimensionless

P static pressure, pounds per square foot, absolute
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total rate of heat transfer, Btu per hour
local rate of heat transfer, Btu per hour, square foot

gas constant for air, 1718 foot squared per second squared, °p

8 oo -
Reynolds number <P-Eg—> , dimensionless

radiua of body, feet

distance from nose along surface of the body, feet
temperature ,OF absolute
recovery surface temperature, °F abgolute .

pseudo-gurface temperature [ Ty' = B (To~Ty) + Tyl °F absolute

fluild veloclty parallel to the surface at any point within the
boundary layer, feet per second

fluid velocity Just outside the boundary layer, feet per second
distance normal to the body surface, feet

surface—temperature paremeter; for a Prandtl number of 1.0,

' T T
B = Taly and for & Prandtl mumber of 0.73, B = (.E__I s
T TTy

dimenslonless
ratio of specific heats (cp/c.v.), dimensionless

boundary-layer thickness, feet
cone half-angle, dsgrees

absolute viscosity, pound-second per square foot
alr density, slugs per cublec foot
air density ratio (p/p,), dimemsionless

unit surface shear, pounds per squere foot
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In addition, the following subscripts have been used:
a reference air density
s fluid conditions at the body surface
v any point along the body, Just outside the boundary layer

x location of a particuler limit of integration along the length
of the body

o] fluid conditions at total temperature and pressure (after isen—
tropic compression from static conditions)

1 fluid conditions Just behind an attached oblique shock wave from
the nose of a body

The supersoript ' together with the subsoript s have been
used to indicate the pseudo-surface temperature, Tg', and the
physical constants of air based on this temperature, ng' amd k¥,

ANALYSIS

In order to obtain continuilty in this report, the various theo—
retical developments involved in the presentation and explamation of
the test data are presented separately in sppendices. Only the results
of each development are presented in the text.

A method for calculating the rate of heat transfer in the laminar
boundary—-layer region of bodies of revolution in steady supersonic
flight is presented in reference L4 and is used as the basis of the
theoretical calculations for the present investigation. The method
assumes & linear velocity profile within the laminsr boundery layer
and also assumes & Prandtl number of one, but considers the effect of
compressibility. The general eguations of reference 4 are shown in
appendix A to reduce, for cones, to the single equationm,

Fu = ;1;5'- =1.225,/3 Re (a15)*

The equation defining the variasble B, as a function of Mach number

1The equation designetion (A15) indicates equation (15)of asppendix A.
This method of designation is used throughout this report.
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and surface—temperature parsmeter, is glven in appendix A.

Equation (A15) gives the value of local Nusselt number or lccal
heat—~tranafer coefficient at any polnt on a ocone, However, in many
hest—transfer problems the average heat—transfer coefficlent 1is
required rather than the local value. The average value of heat~—
transfer coefficlent from the nose to any point on a cone with a
laminar boundary layer is shown in appendix B to be given by the
relation.

E=§h (B5)

Thisg simple relationship, first recognized by Hantzsche and Wendt
(reference 5) results from the form of equation (Al5) and the gecmetry
of cones. This equation may be used to convert local values of
Nusselt number to average values as long as the surface temperature

1s constant.

In a leminar boundary leyer in subsonie flow, the velocity pro—
file is known to be very similasr to the profile calculated by Blasius.
Velocity profiles in a laminar houndary layer In supersonic air flow
have not heen measured for any appreciable range of Mach numbers, but
the profiles heve been calculated by several investigators. The trend
of the celculated profile shapes with increasing Mach number is from
the Blasius profile at subsonlc Mach numwbers toward an almost linear
profile at a Mach number of 10. (See reference 6.) The effect of
surface coolling at any Mach number 1s to maske the velooity profile
approach that of some lower Mach mumber, or to become less linear,
Although & linear velocity profile is assumed in the development of
the method of reference L, the effect of this assumption is shown
by the comparison between the methods of references 4 asnd 7 devel—
oped in appendix C. The method of reference 7 assumes a Blasius
velocity profile in an incompressible fluid end assumes & Prandtl
number of one. Since the only differences in the two methods are
the profile assumptlons and the conslderation of compresslbility in
the method of reference 4, the difference in the results obtained
by the two methods at some subsonic Mach number, at which compressi~
bility can be neglected, would only be due to the velocity profile
sgsumptions. In the comparison of the heat—transfer coefficlents on
e flat plate, given by the two methods, the method of reference T

glves the relation
h = 0.332 k/g (c5)
8

and from the method of reference 4, for M=0 and $=1.0,
CONFIDENTIAL
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h = 0.28 k¥ /Be | (c7)

g2

It is evident from the constants in the above equations that the
effect of the linear velocity profile assumption, at the conditions
of zero Mach number and zero heat transfer, 1s to decrease the cal-—
culated heat—transfer coefficlent by about 15 psrcent relatlive to
that obtained by the method of referemce 7. The assumption of a
linear velocilty profile leads to a calculated boundary-—layer thick—
ness that 1s 50 percent greater than 1z the case with the method of
reference 7 and a boundary-layer Russelt number that 1s 30 peresnt
greater. These two effects are partlally compensating and the
difference in the heat—transfer coefficlients, as indicated by the
constants in equations (C5) and (CT), is relatively small.

The local values of Nusselt mumber on cones with attached bow
waves can be calculated by equation (Al5) 4r the conditions of the
air stream Just outside the boundary layer are known. The detalls
of the method by which the theoretical data based on reference L
wore caloculated for this report are presented in appendix D together
with a step-by-step outline of the method for using a series of
design charts based on equation (Al5).

APPARATUS AND TEST PROCEDURES
Wind Tunnsl

The tests were performed in the Ames 1- by 3-foot supersonic
wind tunnel No.l. This tunnel was temporarily equlpped with a
1- by 2-1/2-foot test section and a fixed nozzle that provided a
teast—séction Mach number of 1.53. Since no aerodynamic forces were
to be measured, the straln—gage balance equipment was removed and
the test cone was mounted with a sultable adapter to the balance
housing.

Teat Cons

The usual case of heat transfer at supersonic speeds 1s for
heat to flow into the surface rather than out of the surface., TFrom
the theoretical aspect either case would be satisfactory to obtain a
partial check on the theory of reference 4, but a complete comparison
requires the testing of both a heated and a coocled body under similar
test conditions. An electrically heated come was chosen for these
tests because of the simplicity of the experimental techniques which
could be employed.

CONFIIENTIAT
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The 20° cone was constructed as shown in flgure 1. The exterior
shell was machined from stainless steel and all other metal parts
were made of copper. The exterior surface of the model had a smooth,
ground finish, estimated to be a 30-microinch root mean square (rms)
surface. The walls of the shell were tapered to maintasin an approxi-—
mately constant incremental resistance along the cone length when cold.
The cone was heated by passing a high amperage (800 amperes maximum),
low voltage (0.45 volts meximum), alternating electricel current
longitudinally through the cone surface. Because no current would
flow through the extreme nose of the cone, the forward 25 percent of
the cone weas in effect unheated.

Eight thermocouples were installed at equal length increments
along the cone to allow determination of the temperature distribution.
The thermocouples were made from 30-gage copper—constentan duplex wire
Wwith welded Jjunctions. They were lnstalled in holes drilled completely
through the shell end were soldered in place., Ten leads of 20—gage
copper wire were also installed in the shell, in a similar manner, to
provide a means of measuring incremental voltage drops along the cone.
The locatlons of the thermocouples and the voltage leeds are indicated
in figure 1. A photograph of the assembled cone is shown in figure 2,
end a photogreph of the cone instslled in the wind tunnel is shown in

figure 3.

Instrumentation

The wiring of the test cone was connected as shown in figure L.
The varlable voltage transformer controlled the input to the primary
side of the power transformer. The secondery slde of the power trans—
former was grounded to the tumnel shell which acted as one lead in the
circuit. The other lead consisted of two parsllel cables that were
connected to two blnding posts at the base of the cone, Two cables
were used to keep the cable size down to a convenlent dilsmeter. These
cables passed through a current transformer which was in turn conmected
to en emmeter to measure the current input to the cone,

The eight thermocouples were connected through e selector switch
to a potentiometer. The potentiometer was used to obtaln a zero read—
ing on an extermal light-beam galvanometer, the potentiometer output
then belng equal to the thermocouple potentlal.

The ten voltage leads from the cone were connected through a
gelector swltch to an electronlc voltmeter in such a mamner as to
measure the voltage drops of successive Increments along the cone.
The local power input, or rate of heat transfer per unit length,

CONFIDENTIAL
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ig given by the product of the current and the incremental voltags
drop.

The total temperature of the alr stream was measured by nine
thermocouples in the tumnel settling chamber which were connected
through a selector switch to a direct reading potentiometer.

Procedure

Data were obtained over a range of Reynolds numbers from aspproxi-
metely 0.5 to 2.5 millions., This variation of Reynolds number was
effected by varying the pressure level within the tunnel. The tunnel
was first brought to the desired pressure and then allowed to run
until the general temperature distribution on the cone came to egquilib-—
rium. When this conditlion was reached, the surface temperature of the
cone was measured by the surface thermocouples. The surface temper—
ature measured under these conditions (zero heat flow) is called the
recovery surface temperature, or Just recovery temperature TR.

The heating circult was then closed and the cone heated to the desired
temperature, as indicated by the potentiometer reading of the most
Porwerd surface thermocouple, by adjusting the input voltage. Since
the average total temperature of the air stream was in the order of
100° F, cone temperatures of 120°, 1L40°, 160°, 180°, and 200° F were
arbltrarily chosen as nominal values at which to obtaln data. The
surface temperature varied along the length of the cone through a
renge of sbout 5° to 35° depending on the tempersture level , the front
of the heated sectlon of the cone always being the hottest.

With the cone at the desired temperature, the followlng data
were read and recorded: +the total pressure and total temperature of
the alr stream, the current input to the cone, the incremental voltage
drops, and the local surface temperstures of the cone. These data
were obtalned at each of the nominel cone temperatures previously
mentioned and at nominel values of total pressure of 3, 6, 9, 15,
and 21 pounds per square inch absolute.

Upon completion of the tests described, surface roughness was
employed to obtgin data with a completely turbulent boundary layer.
Approximately the first 2 inches of the nose of the cone were sprayed
wlith clear lacquer &nd, before the lecquer was completely dry, it was
sprayed again with lampblack in suspension in lacquer thinner. After
the thinner evaporated, the lampbleck adhered to the lacquer base and
provided a band of falrly uniform roughness around the nose of the
cone., Liquid—film tests were performed to determine if the roughness
was sufficient to cause premature transition. It was found that at

CONFIDENTTAL
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total pressures above 6 pounds per squere inch ebsolute, the boundary
layer was completely turbulent, Tests similar to those previously
described were performed at nominal total pressures of 9 and 15 pounds
per squere Inch sbsolute with the completely turbulent houndexry layer.
ACCURACY OF RESULTS

The accuracy of the experimentel data was determined by esti-
mating the uncertainty of the individual measurements which entered
into the determination of the final results. The over-ell uncer—
talnty of any given paremeter was then obtained by geometric summa—
tion of the uncertainty of each of the factors entering the final
value of that parsmeter as indlcated by the method employed in
reference 8,

The estimated uncertaeinty of the basilc measurements are as
follows:

o
To'b&l'bempera.tureo.-_-c.....q.o-.-.---ToiQF
Recovery surface temperature , « « o ¢ ¢ ¢ o« ¢ « » « « TR :\:0.50 F
Free-stream temperature Jjust outside the boundary layer . Ty +2° 7

o]
Surface temperature .« « . « « ¢ » ¢ o« o o« o s o o o o o Tg 0.5 F

Total Pressure . « « « « « o « o« » Hg $0.05 centimeters of mercury
Incremental voltage AropB8 s &+ o « « o o ¢ o« o o o o AE +2 percent
Tnput BWpeTage » « « « « o + o o » « o 1 30 smperes (1 to 3 percent)
Cone AIMONS10NS « « o o o o « o o o o s o ¢« o o o ¢ » «20.005 inch
Cone segment surface areas , « + o o o « o ¢ o o o @ . £3.2 percent
The calculeted accurascy of the final parameters are as follows:

Surface—temperature Parameter , « « » « o + o + + o B22.4 percent

Temperature potential . . « « « « + » o o AT k4,3 percent at B=l.k
+1.5 percent at B=2.0

Local rate of heat tramsfer, . , . . . . . q#l4.1 %o 5.0 percent

CONFIDENTTAL
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Heat—transfer coefficient « « « « o« « « o « b thlt to 6.6 percent
Nusselt NUIDET « « o « o o o o o « o « o o Nu it to 6.6 percent
ReynOld.s NUIDBT 4 o o ¢ ¢ « o ¢ o ¢ o o = Re :':1.8 o .4_'1.9 Percent

A further error was introduced in the experimental data by radl-—
ation of heat energy from the cone to the tumnel walls and an effort
was made to determine the order of magnitude of the radlation by
experimentsl mesns. The total heat transferred from the cone is
equal to the sum of the convective and radiant heat transfer plus the
end losses, and the radiant heet transfer is proportional to the
difference in the fourth powers of the absolute temperatures of the
cone and wind—tunnel wall. The convective heat transfer is a function
of total pressure and will become zero when the total pressure is
reduced to zero. Therefore, at zero totel pressure, the heat transfer
will be entirely due to rediation. Since it is impossible to evacuate
the tunnel to zero pressure and measure the heat transferred by
radiation directly, the heat loss due to radistion was evaluated from
the data obtained at the various test conditions with the tunnel in
operation.2

The total heat transferred Q as measured at the wvarious
pressures was divided by the difference in the fourth powers of the
cone and tunnel-well ebsolute temperatures, and the resulting perameter

Erzﬁagz was plotted logarithmically against the corresponding total
8

pressures. Because the surface temperatures along the cone were not
equal, data obtalned by crose—plotting was ugad in the determination
of the correction for radiant heset transfer. The ordlnate of the
logarithmic plot at zero pressure is a measure of the heat transferred
to the tumnel walls by radistion and includes such factors as the
Stephan-Boltzman constant, the shape factor, and the emissivities of
the cone and walls. The quantity thus attained, however, was so
small as to be completely masked in the +5-percent uncertalnty of
the measured heat transfer. Solutions for several of the elements
gave slightly negative losses. Consequently, the correction for
rediation was assumed to be negligible.

Zan attempt was made to obtain the radiation calibration with the
tunnel inoperative, but the cone surfsce temperatures wers found
to be very erratic because of free—convection currents. ZFor this
reason the method was abandoned.

®The method of reducing the date to constant values of surface—

temperature parameter is discussed in detail in the section of this
report titled "Results and Discussion.”
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Conduction along the skin of the cone also affected the date at
the base and at the nose. Caloculations show that eabout 10 percent
of the totael heat generated in the first heated element 1is conducted
to the unheated nose portion and a slightly higher percentage is lost
from the last element through the base of the cons. Data from the
first and last elements have been neglected in the analysis of the
test data and the elements between these two appear to recelve as
much heat from neighboring elements as they lose. Consequently, the
conduction losses are assumed to be negligible. The test Mach number,
1.53, was selected as the average of the linear Mach number gradient
in the region in which the model was installed and the maximum devi-—-
ation from the average Mach number was approximately +0.02. The Mach
number gradient in the test sectlion was neglected 1n the reduction of
the test data.

RESULTS AND DISCUSSION

The measurements of local power input were converted to local
rates of heat transfer by dividing by the incremental areas and
converting the electrical unlts to heat units. Heat—transfer coeffi-
cients were obtained from the locel rates of heat transfer by dividing
by the temperature potential (Tg~TR). Nusselt numbers were obtained
by the combination of the appropriate values of heat—transfer coeffi-
cient, reference length, and thermal conductivity as previously
dsfined.

Laminar Boundary-Llayer Heat Tranafer

The surface—~temperature distributions along the cone for various
nominal values of surface temperature are shown in figure 5. The
temperature variation with length 1s due to the local values of
electrical resistance and the heat—transfer=coefficlent distribution.
The heat—~transfer rstes in a turbulent boundary layer are, in general,
much greater than those in a laminar boundary layer; therefore, the
sudden drop in surface temperature toward the base of the cone, which
appears in figures 5(d) and 5(e), is indicative of transition to
turbulent flow within the boundary layer.

A rigorous comparison of theory and experiment would require

constant values of surface—~temperature parameter and hence conetant
surface temperature along the length of the cone. However, the surface

CONFIDENTTAL
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temperatures obtained in the experlments were not constant. In order
to meke the desired comparison, the original data were plotted as local
heat—transfer rate as a function surface-temperature parameter, as
shown in figure 6. ILines for each longitudinal segment of the cone
were drawn through the data points. The values of local heat—transfer
rate for constant values of surface~temperature parameter were then
obtained by cross—plotting.

The comparison of the data, on the basis of constant values of
surface~temperature parameter with a changing surface temperature,
involves the assumption that the small variation in surface temper—
ature ahead of a particular point on the cone does not affect the
heat transfer at that point. The validity of this assumption is
illustrated in figure T by a comparison of data for a nominal surface
temperature of 180° F and cross—plotted data for a surface—temperature
paremeter of 1.8 on the basis of the Nusselt number — Reynolds number
relationship. The lines in figure T are falred through the dsta
obtalned on the aft portion of the cone only. The difference between
the two methods of data presentetion ig small, and for this reason
the comparison of theory and experiment in terms of constant wvalues
of surface—~temperature parameter is valid for the present experiments.
It should be noted that the cross—plotted datas are indicated by flagged
symbols. This method of indicatling cross-plotted data has been used
throughout this report.

The effect of the large varlation in surface temperature which
occurs at the beginning of the heated portion of the come (s/1=0.25)
is Indicated by the initially decreasing values of Nusselt number
with increasing Reynolds number for each tumnel pressure. (See fig.
7.) This effect can be explained by consideration of the changes which
occur in the boundary-layer temperature profile as the layer flows along
the cone.

The local rate of heat transfer at any point on the cone 1s
given by the product of the thermal conductivity of the alr adlacent
to the surface and the slope of the boundary-layer-temperature profile
at the surface, At the beginning of the heated portion of the test
cons, a relatively cold boundary layer flows onto the heated area
and the slope of the boundary-layer-temperature profile becomes large
because of the large difference between the air and surface temperatures.
The air temperature at the surface will approach the surface temperature
as the alr contimues to flow along the heated surface, or the local rate
of heat transfer downstream of the surface—temperature discontimmity
will approach the value that would have existed if the surface—
temperature discontimuity hadinot been present. The data shown in figure T

CONFIDENTTAL
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indicate thls tendency toward the rear of the cone where the change
In surface temperature with length is small in comparison with that
near the nose,

The effect of heating the aft portion of the come will be to
increase the boundary-layer thickness in thim reglon. The resulting
laminar boundary-layer thickmess can be calculated, at least approxi-
mately, by the following method: If the surface temperature is
agsumed to be discontimuous at the edge of the heated reglon (mo
longitudinal conduction), the boundary-layer thickness at any point
on the cone, either heated or unheated over ita entire length, can
be calculated by the method of referemce 4. The boundary-layer
thickness at any point along the heated portion can be approximated.
(as shown in £ig.8) as the thickneass of the boundary layer for a
completely heated cone less the difference in boundary-layer thicknesses
at the edge of the heated portiom, for a completely heated come and
for an unheated come. The correction obtained by this method is small
at the beglnning of the heated region on the cone, and, because the
correction is small, 1t can be expected to be reasonably acourate
at any downstream position. At some point far downstream, where the
boundary-layer thickness 1s considerably greater than at the begimming
of the heated region, the percent error in boundary-layer thickmness
would be Iingignificant.

A comparison of the theoretical local heat—transfer coefficlents
for the heated— and unheated-nose conditions with the experimental
values for a surface—tempersture persmeter of 1.4 is shown in
figure 9. The agreement between the experimental and the theoreti-—
cal values, corrected for the effect of the unheated nose, 1s good
over the after portion of the cone. Figure 9 slso indicates the
fallure of any method for calculating heat—transfer coefficients,
based on boundary-layer thickness, when a large change occurs in
the assumed relation betwsen the houndary-layer veloclty profile
and temperature profile. A method based on different assumptions
is needed to calculate the local rates of heat transfer in regions
where large surface—temperature gradients exist., Such a method will
be necessary In order to calculate the optimum location of surface~
cooling heat exchangers for high—speed slrcraft.

The experimental and theoretical values of local Nusselt number
are shown as functions of length Reynolds number and surface—
temperature parameter in figure 10. The theoretical values are
corrected for the effect of the unheated nose by the method i1llustrated
in figure 8. The effect of the correction is to alter the slope of
the lines from the 2:1 slope indicated by equation (Al5). The
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correction also produces the discontinuities between the lines for
each value of total pressure, because the value of boundary-—layer
thickness to which the Nusselt number is related is not directly
related to the length Reynolds number for the different values of
total pressure.

It should be noted in figure 10 that the agreement between slopes
of the theoretical lines (reference 4) and the trend of the data is
almost exact within the smell scatter of the data. This egreement is
indicative of the accuracy of correcting the boundsry-leyer thickness
for the effect of the unheated nose, because the thickness correction
Primerily affects the exponent of the Nusselt number to Reynolds
number relatlionship.

The relationship derived by Hanmtsche and Wendt (reference 5)
for laminar boundery layers 1s also plotted in figure 10 for comparison
with the experimental data and the comparable results celculated by
the method of reference L.

For a rigorous comparison of theory and experiment, the effect
of each of the test conditions on the final results should be known.

The followlng varisbles affect leminar boundary-lasyer thickness and
therefore the heat transfer at any point on a test body:

l. Distance along the body

2. Velocityof air flow along the body

3. Ambient—air temperature

Lk, BSurface temperature

5. Amblent—eir pressure

6. Surfece-pressure gradient

T. Burface—temperature gradient

8. Surface roughness

The effects of the first five of these varisbles are accounted
for in equation '(Al5), and the effect of surface—pressure gradient
has been eliminsted from the experiments by the selection of a cone

for a test body. However, a small pressure or Mach nmumber gradient
does exist in the wind—tunnel nozzle. An spproximste correction
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for the effect of surface~temperature gradient on boundary—layer
thickness has been made in the comparison of theory with experiment.
However, the effect of the surface—temperature gradient on the !
assumed boundary-layer temperature and velocity.profile relationship
cannot be included in the correction. The effect of surface rough—
ness on laminer boundary-layer thickness 1s not known quantitatively
for the surface finish on the test cone. Since surface roughness
willl be present to some extent on all supersonic ailrcraeft, its effects
should be investigated, at least to the extent of determining a value
of roughness below which there will be little or no effect on laminer-
boundary—layer thickness or stability.

The agreement between the thecretical results based on references
4 and 5 and the experimental data, shown in figure 10, is satisfactory
over the rear portion of the cone where the theorilies are considered
to be espplicable. Whether or not the comparison is favorably or
adversely affected by surface roughness, pressure gradients or surface—
temperature gradients can only be determined by fundemental investige—
tions of each of these effects.

The plots of experimental local heat—transfer coefficlent against
surface~tempersture parameters from which cross plots were made indlcated
a slight decrease in heat—~trensfer coefficient with reduction in surface—
temperature parameter; however, this trend was within the range of the
experimental accuracy (&6 percent) as is the trend indicated by the
theory of reference 4 (44 percent). For this reason, the heat—
trangsfer—coefficient distributions of figure 11 are shown as only
functions of total pressure.

-

Satisfactory agreement between theory and experiment is shown
in figure 11 over the rear portion of the cone where the theory is
consldered to be applicable. Because of this agreement, in terms of
heat—transfer coefficient, poor agreement between the theory of refer—
ence 4 and experiment in terms of locel rate of heat transfer can be
expected because of the incorrect temperature potential in the theo—
retical equation [g=h(Tg'-To)]. Therefore, it appears logical to use
the true temperature potential, corresponding to a Prandtl number of
0.73 (Tg—=Tr) 1in the theoretical calculations of local rate of heat
transfer rather than that corresponding to a Prandtl number of one
(Tg'-To) that a rigorous interpretation of the theory would dlctate.
The desirsbility of this empirical change in the theory is indicated
by the more satisfactory agreement between theory end experiment
shown by the curves for a Prandtl number of 0.73 in figure 12.

[ 4
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Laminsr-Boundary-Layer Stability

The streemwise extent of the laminar boundary layer on the
cone for various surfece temperatures 1s indicatlive of the effect
of heat transfer on boundary—layer stability. The distance from
the nose of the test body to the transition point was obtained from
the surface—temperature distribution curves of figure 5. The inflec—
tion points on the curves of figure 5, as indicated by the black dots,
were selected as belng the average transition points. The effect of
heat transfer on boundary—leyer stability 1s shown in figure 13 a8 a
plot of the length Reynolds number at the transition point against
the average surface—tempersature parsmeter up to the indicated tran—
sltion point. The decrease in transition Reynolds number with
Increasing surface~temperature perameter confirms the prediction of °
reference 2 and agrees with the experimental results of reference 3.
The curve of figure 13 shows & hyperbole—like variation of the tran—
sltion Reynolds number with surface—temperature parameter, indicating

dRe
that the rate of change of boundary—layer stability ( LS decreases

T
with decreasing stability. The difference between the values of
Reynolds number for transition at 15 and 21 pounds per square inch
total pressure is believed to be due to a change in alr-stream turbu—
lence level.

Turbulent Boundary-layer Heat Transfer

The experimental surface temperature and local rate of heat—
trensfer distributions along the 20° cone with an artificially
induced turbulent boundsry layer are shown in figures 1k amd 15.
The same data In the nondimensional form of local Nusselt number
as a function of length Reynolds number are shown in figure 16.
Because of the scatter, a line of 0.8 slope (the known slope for
turbulent boundery layers) was faired through the data points.
The points which are dlsplaced farthest sbove the line are those
from the forward portion of the cone and, as in the case of the
laminar boundary-lsyer deta, are affected by the surface-temperature
discontinulty at the beginning of the heated region.

A comparison of the average values of Nusselt number from the
turbulent boundary—leyer data with the results obtalned by Eber
(reference 1), by Hantzsche asnd Wendt (reference 5), and those
obtained for a leminsr boundery leyer from the design charts
(appendix D) and corrected by the four—thirds factor to obtain
average values of heat—transfer coefficient (appendix B) is made
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in figure 17. The curves for each nominal value of surface temper—
ature In figure 17 tend to approach a common line asymptotically.
This result occurs because the percent effect of the large locel
Nusselt numbers in the nose region (due to the surface—tempersature
discontinuity) graduslly decreases as more of the cone i1s included
in the average. The asymptotes of the experimental lines were drawn
with a slope of 0.8 which is also the slope of the limne given by
Eber's equation.

It 1s evident from a comparison of the various curves of figure
17 that Eber's results were cobtained from test bodies with turbulent
boundary layers. The low Reynolds numbers of Fber'!s tests should
have produced leminar boundary layers; therefors, the transition must
have been caused by externsl disturbences. FPigure 5 of reference 1
shows the great number of shock waves which existed in the test section
of the Kochel supersonic wind tunnel in which Eber conducted his
experiments. It is known that such shock waves are very effective
in causing premature transition of the laminsr boundary layer. The
fact that transition was induced artificially in both Eber's and the
present experiments limits the applicability of the data, The dif-
ference between the turbulent boundary-layer data from the present
experiments and the results given by Eber's equation is probably due
to the difference in the methods of causing transition. In the present
experiments transition was induced by roughness at the nose of the cone
and the boundary layer was entirely turbulent. In Eber's experiments
trensition, due to shock waves, would be expected to occur farther aft
on the cone and the boundary layer at the nose would he laminsr,
This being the case, the average heat—transfer coefficient and the
average Nusselt number obtained by Eber should be lower than those
obtalned in the present experiments. The scatter of the data obtained
by Eber would heve masked any change in the slope of the Nusselt
number — Reynolds number line that would be expected to result from
mixed laminer asnd turbulent flow.

It follows from the preceding discussion that any turbulent
boundary-layer heat-transfer data which are not obtained with nstu-
ral transition or knowledge of the preceding laminar boundary layer
will not be generally applicable to the calculation of the cooling
requirements of supersonic alrcraf{. The fact that Eber's equation
gives usable resylts when applied to the specific problem of celcu—
lating the temperature~time relationship of the skin at the nose of
migsiles indicates that turbulent houndary layers exist in this region
or that the method of calculation rather than the data determines the
results ohteined.,

If turbulent boundary layers do exist in the nose region of
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missiles, improvements in shape and surface condition would allow
longer runs of laminesr boundary layer with the result that the rate
of increase of surface temperature with time would be materially
reduced. Also, the heat capacity or mass of the skin could be
reduced for a given rate of increase of surface tempersture. This
latter effect would provide an improvement in mass ratio, and, there—
fore, an improvement in the range of the missile. The welght advan—
tage of maintaining laminar boundary layers t¢ reduce the required
capaclty of aircreft cooling systems would be apparent with any
method of cooling.

CONCLUSIONS

The results of the foregoing investigation lead to the Ffollow—
ing conclusions:

1. Experimental heat-transfer coefficients obtained from tests
of a heated 20° cone at a Mach number of 1.53 have been found to be
in satisfactory agreement with two theoretical methods of calculating
the rate of heat transfer in the laminar boundasry-layer region of
bodles of revolution In s compressible fluid.

2., Satisfactory agreement was obtained between the theoretical
rates of heat transfer based on NACA TN No. 1300 and those determined
by experiment, in the region of the test body where the theory is
considered eppliceble, when the theoretical heat—transfer coefficients
end the true tempsrature potentisl were employed.

3. The theoretical prediction of Lees (NACA TN No. 1360) that
the effect of heating a surface with & laminar boundary layer to a
temperature sbove the recovery surface temperature is to destebilize
the boundary layer, has been confirmed experimentslly at a Mach nmumber
of 1.53.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Moffett Field, Calif.
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APPENDIX A
LOCAL HEAT-TRANSFER COEFFICIENTS ON CONES

The general equation for laminer boundary—layer thickness on
a body of revolution in a compressible fluid 1s, from reference U,

I RO OJ S
[<>pr}° (z) M) ()

in which
A =1 + ﬁﬁ!.i loge (1+ﬁm) + .@.(_-.'ﬁ_)_le_ loge

B =;L+-2%Eloge (1+pm) +—%——Tzz—logez
(a/B)
f (a/3), " logy ¥ d(%)

H; (1+pm) + (1-B)% ]1/2

>
[l

and B
2= [l - (1_,:)4] [éﬁéﬂ

It should be noted that the physical properties of the air in the
preceding theoretical equations and in the following equations for
& Prendtl number of one are referred to the psuedo-surface temper—
ature Tg'. This change in the nomenclature from reference U4 is

necessary for the comperison of theory end experiment on the basis

of equal values of surface—temperature paremeter but for different

values of Prandtl number.
For the more specific case of a cone, the surface—pressure

coefficient is constant for a given Mach number, and equation
(A1) becomes,
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2 VR CNCR

Because the radius of a cone is a linear function of its length, the
integral of equation (A2) reduces to a constent (1/3), times the
length ratio g

, or, at a glven polnt on the surface

21

s [2]

The Reynolds number for the flow Just outside the boundary
layer using the viscosity based on surface temperature is

Hs (84)

Also, since in the experimentsl investigation the value of air-
(a3).

density ratio o¥* will be one, it can be eliminsted from egquation
With these simplifications, the laminar boundary—layer thick-—
ness relation for any cone becomes

8 = S o (45)
or
0.816 s
JERe

The expression for surfece shear per unlt area for the linear veloc—
ity profile of reference L4 is

-‘

il

=
o<

(AT)
Reynolds anslogy between skin friction end heat transfer for
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compresslble flow gives the relation
T
- q
v Cp TB—mR
or _ TEOE(TE:EB)
1= v
el
B8lnce Pr = = 1.0, by assumption, then Iy =
q = Tgke ' (Tg'-Ty)
Hg' V

NACA RM No. A8L28

(48)

(A9)

o and

(A10)

Combining equation (A10) with equation (7) gives the relation

kgt
q = 5 (Tg'-Ty)
and since
q = h (Ty'-T,)
then

hd
k7 ™ 0 = M

(A11)

(A12)

(A13)

With the laminar boundary-layer—thickness relation and the boundary-—
layer Nusselt number relation known, the two can be combined to glve
values of local heat~transfer coefficients directly,

ks' B Re
h = -_AZ;;:::
0.816s

or in terms of local Nusselt number

Nu = B8 = 1.2054B Re

kgt
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APPENDIX B
AVERAGE HEAT-TRANSFER COEFFICIENTS

The local rate of heat transfer in the laminar boundary-layer
reglon of a cone can be expressed in equetion (Alk) es

Gy

h =ﬁ (Bl)

and the incremental area over which the local heat~transfer coeffi-—
cient is applied can be shown to be

dA = c,8 ds (B2)

The average value of the heat—transfer coefficient is then given by

the relation 8 8
f hdA e3 (cﬂ/ﬁ e ds
0 = 0

h = 5 s (33)
f dA czf B ds
or fo) o
2 S:3/2 _L_,,' ¢y
h=cy 3 =3 (BY)
-12—' g® A8
but, since
h = ‘31/1\/5.
then
=

This relation has also been obtained, in a slightly different form,
by Hentzsche and Wendt in reference 5.
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APPENDIX C
COMPARISON WITH INCOMPRESSIBLE-FLOW THEORY

For a flat plate, the laminar boundary—layer—thickness relation
of reference T reduces to the form. . v

2 5,382
8% = == | (c1)

for the boundary-layer thickness measured at the point in the
velocity profile where the dynemic pressure is ons—half of free—
stream dynamic pressure. Also, in reference 7, 1t is shown that for
the Blasius velocity profile the boundary-layer Nusselt nunber is
glven by the relation

Nug = 2 = 0.765 (c2)

The following relation is obtained from the method of reference L
for the boundary—layer thickness measured et the same point in the
velocity profile:

22

2
8% = S %e (€3)
and
Nug = E—; = 1.0 (oh)

Combining end reerranging equations (C1l) and (C2) gives the relation

h = 0.3221;/%:?2- (c5)

Similerly, equations (C3) and (CL) yield the relation

=/§ ks'/% (cé)
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For a Mach number of zero, and zero heat transfer (8 = 1.0), k = ke'!
and

h = 0.286k S—Z- (c7)

A comparison of the constants of equations (C5) and (C7) is indicative
of the effect of the linear—velocity-proflle assumption.
APFENDIX D
METHOD OF CALCULATION AND DESIGN CHARTS
The value of the surface—temperature parameter can be calculated

from the known boundary—layer conditlons by the relation (for Prandtl
nunber = 0,73).

Bo.7a = %ﬁf%f _ (p1)
where
Tg = Ty <1+JP—r 2 Mv2> (D2)
With a Prandtl number of unity as 1s assumed in the theory
Tg !~T.
Bi.o = Tz—Tvv (p3)

In order to have similar temperature profiles in the actual and
theoretical cases,the surface—temperature parsmeters must be equel.

8 (Dk)

81.0 = Bo.7e

Therefore, the pseudo-surface temperature is given by the relation

Tg! = B(TgT,) + Ty (D5)

or
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Tg' = :?;;x + Ty (D6)

because

JEE = %—'ﬁf (D7)

With the values of surface—~temperature parameter and pseudo~surface
temperature known, the values of the parameter B, the viscosity,
and the thermasl conductivity of air at the surface based on the
pseudo-surface temperature cen be determined. This,in turn, allows
the Reynolds number corresponding to the desired position on the
cone to be calculated

Re = X __ (D8)

With the values of B and Reynolds number known, the local Nusselt
nugber can easlly be determined by equaetion (A155. The local heat—
transfer coefficient can be determined from the local Nusselt number

by the relation
1
h = Nu Eg_ (D9)

The theoretical results presented were calculated from the
foregoing relations. The conditions of the alr stream just outside
the boundary layer were cbtained by the use of reference 9, rather
than by the linearized theory of reference 10 as indicated in
reference 4, With this change, the limit of applicebility of the
method 1s not the extreme body fineness ratio dictated by linearized
theory, but rather the Mach number for nose shock—wave detachment,
The change in limiting fineness ratlc requires the length & in the
foregolng equations to be taken as the slant length hecause the
assumption in reference 4 that the surface and axlal lengths are
equal is not valid for blunt bodies.

The following outline gives a step-by-step procedure for
caelculating the rate of heat trensmission to a cone moving at
constant supersonic veloclty. Use iz made of the charts of this
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report (fig. 18) which were developed from the theory set forth in
reference 4. Tsble II of reference 9 is very useful in meny of the
calculations, and its application is indicated in the appropriate
steps. However, the symbols used in reference 9 differ from those
used. in reference 4t and the present report. A table of equivalent
symbols follows:

Present report

end Reference 9
reference U

T/Tq T/Ty
To/To T/Tq &t M = My
pv/Po p/pg, Bt M = My
L a/a, at M = M,

To begin the calculations the following information must be
known:

M f£light Mach number

T ambient static air temperature, °r absolute

Tg surface temperature to be maintained on the cone, OF absolute
6, half-engle of the cone, degrees

p ambient-air pressure, pounds per square foot

The calculations then proceed with the determination of the following
parameters:

1. Total temperature Ty

%’-=<1+%1MZ>

or, enter table IT of reference 9 with M and find 'I‘/To directly.
(See the preceding teble for equivalent symbols.)
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2. Mech number Just outside the boundary layer of the cone M.
Enter figure 18(a) with M and 6, eand determine M,/M. (This figure
is taken from reference 11.)

3. Temperature of the air stream just outside the cone boundary
layer Ty,
T -
=X - XLy 2
A 1+ 3 M )

or, enter table II of reference 9 with M = M, and find T./T,
directly.

v, a.);d dR:covery sur:;;ce temperature Tg. Enter figure 18(b) with
etermine Tgr/T,.

5. Surface—temperature parameter B8,

= Is Ty
IR'TV

6. Pseudo-surface temperature Tg,!,

B

Tgt = B(TT,) + T,

T. Total pressure behind bow shock wave Hj;. The total pressure
ahead of the bow shock wave H, i1s given by

H?°= J.+Z;—:"1112>-7_ér

or, enter table IT of reference 9 with M and find p/'H directly.
Then )

4 1
Hy [ (r+1)M2 s1n® 6 ]7-—1 [27142 sin® 6— (7—1)}" 7T
Eo

{7-1)M° sin® 6+2 y+1

where 6 1is the bow shock-wave angle and can be determined from
figure T of reference 9.

8. Density at total pressure behind the bow shock wave pg,
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=Sa
Po1 = AT,

9. Density just outside the cone boundary layer Py
1 1
— —1
v _ (1 = Mv2> 7
Poy 2

or, enter table II of reference 9 with M = My and find pv/pol
directly.

10. Velocity of sound at total temperature conditions a4
a'02 = 7RT,

11. Veloclty of air stream just outside the boundary layer of

the cone 1V,
2
(1) W
g0/ Y=L . 2
-

M,
or, enter table II of reference 9 with M = M_ and tind ay/ap then
vV = Mv X &y,

12. Absolute vilscosity at the surface of the cone ps'. Enter
figure 18(c) with (Tg'-460) and determine pgt.

13. ZReynolds number per foot of slant length Re/ S.

Re _ PyV
B T

14. Reynolds number for various positions on the surface of
the cone Re.

(a) Choose stations along the surface of the cone at
which 1t is desired to determine local heat—transfer
rates.

(b) Measure the distances s ealong the surface of the
cone from the apex to the stations 1n feet.
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(e) Then, the Reynolds number is equal to <BB§>X s for
oach station.

15. Local Nusselt number for each station Nu.

(a) Enter figure 18(d) with My and B and determine

Nu// Re.

(b) The local Nusselt number for each station i1s then found
by multiplying this value by the square root of the
Reynolds numbers for the respective stations.

16. Iocal heat—transfer coefficient h.

(a) Enter figure 18(e) with Tg*-460 and find the thermal
conductivity of air at the surface of the cone kj!t.
M k¢!

(b) Then, h 1is equal to 3 g for each station.

17. Local rate of heat transfer gq.

qa = h(Tg-TR)

18. Average heat~transfer coefficient h. The average coeffi-
cient for thet portion of the cone from the apex to any polnt along
its surface for laminar flow 1s given by & = (4/3)h.
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s

Figure 2.~ Electrically heated 20° cone with power terminals s voltage—
tap leads and thermocouple leads.

Figure 3.— Heated 20° cone installed in the test section of the Ames
1- by 3—foot supersonic wind tumnel No. 1.
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Figure 5. — Surface -temperature distributions for various
nominal surface temperatures on the heafed 20°
cone with a Ilaminar boundary Ilayer.
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Figure 5.—Continued.
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Figure 7. — A comparison of the resulfs obtained with and without
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